activation of Syk. These findings were substantiated by the evidence that neutrophils from mice with the conditional deletion of Syk were defective in formation of NETs in response to β-glucan.
Introduction
Neutrophil extracellular traps (NETs) are externalized web-like structures composed of decondensed nuclear chromatin associated with histones and granule antimicrobial proteins. Since their discovery in 2004 [1] , NETs have received increasing attention as a mechanism by which granulocytes exert their microbicidal activity. A wide variety of pathogens including, bacteria, fungi and protozoan parasites have been reported to trigger NET formation and be killed by these structures released by dying neutrophils [for reviews, see 2, 3 ] .
Consistent with the notion that innate host defenses behave like a double-edged sword, more recently NETs have been implicated in the pathogenesis of autoimmune and inflammatory diseases including vasculitis [4] systemic lupus erythematosus [5] , gout [6] , infection-and transfusion-related acute lung injury [7, 8] and deep venous thrombosis [ 9 ; for reviews, see 2, 3 ] . These last findings highlight a new strategy to control inflammation-based pathologies based on inhibition of NET formation. Intriguingly, in cystic fibrosis patients aerosolized DNase has been used for 20 years to break up sticky secretion containing NETs [10] .
Targeting NET formation as a way to inhibit inflammation is made difficult by the limited amount of information available on signaling pathways regulating this neutrophil response. To date, the strongest progress made in characterizing mechanisms of regulation of NET formation is represented by identification of reactive oxygen species (ROS) as essential elements in triggering the complex machinery implicated in nuclear and granule membrane collapse, chromatin decondensation and extrusion of DNA/granule protein-containing fibers [11, 12] .
To start to elucidate signaling pathways implicated in NET formation, we addressed this issue using a specific agonist of neutrophil activation, i.e. β-glucan, a component of the yeast surface buried under a layer of mannan, but exposed in budding yeasts and hyphae [13, 14] . Notably, NETs trap and kill Candida albicans yeast and hyphal forms [15] , and more recently particulate β-glucan has been reported to induce NET formation in primed neutrophils adherent to fibronectin [16] . Innate immunity cells express diverse surface receptors recognizing β-glucan; these include the C-type lectin Dectin-1 [17] , the scavenger receptors SCARF1 and CD36 [18] , and the αMβ 2 integrin (complement receptor type 3 or CD11b/ CD18) [19] [for reviews, see 13, 14 ] . While these receptors may play different roles in recognition of β-glucan by murine or human neutrophils, Dectin-1, αMβ 2 , and, as reported in a very recent study, CD36 itself [20] , share a common signal transduction pathway implicating Src family kinases, ITAM-containing adaptor proteins and Syk [13, 14, [21] [22] [23] . Here, we report that β-glucan particles are potent inducers of NET formation in human neutrophils and their action requires particle internalization. Comparing the effect of Src family kinase inhibitors and the inhibitor of the NADPH oxidase diphenyleneiodonium (DPI) on NET formation, ROS generation and the activation of Src kinases and Syk in response to β-glucan and phorbol myristate acetate (PMA), we present evidence that, within the signal transduction pathway triggered by β-glucan particles, Src kinases and Syk are upstream of ROS, but these are indispensable for the eventual formation of NETs. In contrast, even though formation of ROS in response to PMA results in activation of Src kinases and Syk, this stimulus triggers directly NET formation via ROS. The use of a new generation Syk inhibitor, PRT-060318, allowed us to conclude that NET formation induced by ROS is in part due to their capability to activate Syk. Additionally, we show that in murine neutrophils Syk deficiency hampers both NET and ROS formation in response to β-glucan.
Although both in vitro and in vivo studies are required to establish whether the Src/Syk signaling pathway implicated in β-glucan-induced NET formation plays a role in NET formation in the context of autoimmune or inflammatory disease (see above), our findings highlight a possible target to control NET formation in human pathologies. In the context of fungal infection, it is important to note that an uncontrolled inflammatory response characterizing the so-called fungus-related immune reconstitution inflammatory syndrome in severe infections may contribute to disease severity [24] . Thus, our findings may suggest a new strategy to control overstimulation of neutrophils in fungal infections.
Materials and Methods

Reagents and Antibodies
Ficoll Paque Plus and dextran-500 were from Amersham Biosciences (Amersham Co., Arlington Heights, Ill., USA). RPMI 1640 (RPMI) medium was from Lonza (Basel, Switzerland). Hank's balanced salt solution (HBSS) and Alexa Fluor ® 488 Goat Anti-Mouse IgG were from Life Technologies Corporation (Paisley, UK). β-Glucan from Saccharomyces cerevisiae (product number G5011), PMA, DAPI, horseradish peroxidase, isoluminol, piceatannol, phenylarsine oxide, diisopropyl-fluorophosphate and human fibrinogen were from Sigma-Aldrich (St. Louis, Mo., USA). Protease inhibitors were from Roche Molecular Biochemicals (Mannheim, Germany). 4-amino-5-(4-chlorophenyl)-7-( t -butyl) pyrazolo [3, 4-d] pyrimidine (PP2) and DPI were from Calbiochem (Darmstadt, Germany). Anti-neutrophil elastase and anti-myeloperoxidase antibodies (Abs) were from Abcam (Cambridge, Mass., USA). NorthernLights Anti-rabbit IgG-Nl637 was from R&D System (Minneapolis, Minn., USA). Lyn (phospho Tyr396) and Vav (phospho Tyr174) Abs were from GeneTex (Irvine, Calif., USA). Syk (phospho Tyr525/526) Ab was from Cell Signaling (Beverly, Mass., USA). Anti-protein Abs directed against Lyn (H-6) and Syk (N-19) were from Santa Cruz Biotechnology (Santa Cruz, Calif., USA). PRT-060318 was a kind gift from Portola Pharmaceuticals Inc., San Francisco, Calif., USA.
To prepare the β-glucan suspension, the dry powder was suspended at 5 mg/ml in PBS, sonicated to disrupt the biggest aggregate and then passed through 70-μm cell strainer (BD Falcon, Franklin Lakes, N.J., USA) to get rid of a few big aggregates.
Neutrophil Isolation
Human PMNs were prepared from buffy coats of healthy volunteers by centrifugation through Ficoll Paque Plus (Amersham). Patients provided their informed consent before samples were taken. Contaminating erythrocytes were removed by Dextran 500 (Amersham) sedimentation followed by hypotonic lysis. After isolation, cells were suspended at 10 × 10 6 /ml in HBSS supplemented with 0. for ROS production or in RPMI for NET formation. Neutrophils were either left untreated or incubated at 37 ° C with 10 μ M PP2 or 20 μ M DPI for 10 min, 1.0 μ M PRT-060318 for 15 min or 50 μ M piceatannol for 30 min, before stimulation. Syk-deficient neutrophils were isolated from the bone marrow of Syk f/f Vav1cre Tg mice, carrying the Syk deletion in the hematopoietic system, as previously described [25] . Neutrophils isolated from the bone marrow of Syk f/f and/or Vav1cre Tg mice were used as controls. As the latter mice showed similar results, for clarity, the data from these two groups were pooled and defined as the control group. Mouse neutrophils were isolated as described previously [26] . Briefly, bone marrow cells were flushed from the bones using HBSS without Ca 2+ and Mg 2+ , and containing 0.1% BSA. Cells were centrifuged and, after hypotonic lysis of erythrocytes, resuspended in 3 ml of Ca 2+ /Mg 2+ -free HBSS supplemented with 0.1% BSA. Bone marrow cells were then loaded on top of a Percoll discontinuous density gradient and, after centrifugation at 1,600 g for 30 min at room temperature, cells at the interface between 81 and 62% were harvested and diluted in Ca 2+ /Mg 2+ -free HBSS supplemented with 0.1% BSA. After an additional wash, neutrophils were resuspended in HGCa. Syk expression in control and syk -/-murine neutrophils was examined by Western blotting (see below) using anti-Syk Abs from Santa Cruz Biotechnology.
NET Formation 5 × 10 4 neutrophils, suspended in RPMI, were stimulated in a black 96-well plate that had been previously precoated with 250 μg/ ml human fibrinogen. Cells were incubated for 3 h at 37 ° C in a 5% CO 2 incubator without any stimulus or in the presence of 20 ng/ ml PMA or different doses of β-glucan (see text). At the end of the incubation, NET-DNA was stained by adding SYTOX Green (Invitrogen, Paisley, UK) at a 5 μ M final concentration. The plates were read in a fluorescence microplate reader (Victor 3, PerkinElmer; Waltham, Mass., USA) with a filter setting of 485/535 nm (excitation/emission). Coating of the wells with fibrinogen was performed because we noticed that on plain plastic the SYTOX green signal detected in unstimulated cells displayed quite a high variability with different cell preparations probably due to neutrophil spreading on plastic [see 26 ].
Immunofluorescence and Confocal Microscopy 2 × 10 5 neutrophils were seeded on glass coverslips treated with 0.01% poly-lysine (Sigma). After treatment with different inhibitors and incubation with β-glucan or PMA as described above, cells were fixed with 4% PFA for 45 min at room temperature, quenched with 50 m M NH 4 Cl for 1 min, permeabilized with 0.2% Triton X-100 for 5 min and blocked with 1% BSA for 1 h. For protein immunostaining, the cells were incubated for 30 min with a mouse monoclonal Ab against myeloperoxidase (Abcam, Cambridge, UK; ab25989) and rabbit polyclonal Abs against neutrophil elastase (Abcam; ab21595) both at a 5 μg/ml concentration. Primary Abs were detected with Alexa Fluor 488-labeled (excitation 495 nm/emission 519 nm) or NorthernLights NL637 (excitation 637 nm/emission 658 nm) secondary Abs after incubation for 45 min. DNA was stained with DAPI (Invitrogen) for 10 min. The coverslips were mounted with fluorescent mounting medium (Dako; Glostrum, Denmark), and the cells were examined with a DM 6000B fluorescence (Leica; Wetzlar, Germany), or an SP5 confocal (Leica) microscope.
Determination of ROS Production 1 × 10
5 human or 7.5 × 10 5 mouse neutrophils were suspended in HGCa medium and were stimulated in black 96-well plates that had been previously precoated with 250 μg/ml human fibrinogen. Isoluminol-based chemiluminescence was assayed as previously described [26] .
Western Blotting Neutrophils (10 × 10 6 /ml) in HGCa were plated in 24-well plates precoated with human fibrinogen and stimulated with 50 μg/ml β-glucan or 20 ng/ml PMA for the time indicated in the results. At the appropriate time, cell activation was stopped by addition of 1/2 volume of ice-cold HBSS (w/o Ca 2+ and glucose) containing a 3-fold concentration of protease inhibitors supplemented with 3 m M Na 3 VO 4 , 30 m M phenylarsine oxide, and 3 m M diisopropyl-fluorophosphate. Samples were kept in ice for 10 min before lysis with 4× sample buffer. Samples were separated on SDS-PAGE gels and transferred to nitrocellulose Hybond C (Amersham). After quenching with 3% BSA in TBS for 1 h, blots were incubated overnight at 4 ° C with primary Abs, followed by horseradish peroxidase-conjugated donkey anti-rabbit or goat antimouse Abs (Amersham). Immunoreactivity was detected using Immobilon Western detection reagent (Millipore) and analyzed with Quant Image LAS4000 (GE).
Statistics
Statistical significance of differences between the data was evaluated by ANOVA with Bonferroni posttests, which was performed using GraphPad Prism software. Values of * p < 0.05, * * p < 0.01 and * * * p < 0.001 were taken as significant.
Results
Particulate β-Glucan Triggers NET Formation
To examine the capability of the yeast cell wall component β-glucan to trigger NET formation, we used a particulate form of β-glucan. NETs induced by β-glucan particles were clearly visualized by fluorescence and confocal microscopy ( fig. 1 a, b ). As shown with NETs induced by PMA and phagocytic particle [1, 11] , NETs induced by β-glucan were stained by Abs against neutrophil granule constituents such as myeloperoxidase and elastase ( fig. 1 c) . β-Glucan particles effectively triggered NET formation in a dose-dependent manner and, at the highest doses, their capability to induce NET formation was already detectable after 1 h following stimulation ( fig. 2 a) . However, since in this study we compared the response to β-glucan with that to PMA, the most commonly used inducer of NET formation, whose effects are optimal after 3 h ( fig. 2 a and [11] ), this time point was chosen for the below-described experiments. A comparison of the signal ensuing from binding of the cell-impermeable DNA dyes Sytox Green in intact versus Triton X-100-permeabilized cells showed that more than 30% β-glucan-stimulated neutrophils formed NETs ( fig. 2 b) . β-Glucan (BG) particles induce NET formation. a Neutrophils were seeded on glass coverslips precoated with 0.01% poly-Llysine and incubated in the presence of 50 μg/ml BG or 20 ng/ml PMA. After 3 h, cells were fixed, permeabilized and stained with DAPI as described in Materials and Methods. NETs were visualized by fluorescence microscopy. Bars = 20 μm. b Neutrophils were treated as in a , and fluorescence analyzed by confocal microscopy. Bars = 10 μm. c Neutrophils were treated as described in a and stained with DAPI, myeloperoxidase and elastase as described in Materials and Methods. According to previous studies that demonstrated that only in a particulate form β-glucan is able to trigger the formation of a 'phagocytic synapse' that clusters receptors and signaling components in discrete plasma membrane region [27] , we were unable to detect NET formation using soluble β-glucan (data not shown). Additionally, inhibition of phagosome formation by the cytoskeleton-disrupting agent cytochalasin D (CD) inhibited NET formation in response to β-glucan ( fig. 2 c) , but only marginally in response to PMA ( fig. 2 d) . CD suppressed ROS generation in response to β-glucan particles ( fig. 2 d) and had some inhibitory effect on the delayed phase of ROS generation stimulated by PMA ( fig. 2 d) . These findings suggest a quite strict correlation between ROS generation and NET formation, an issue that we addressed in great detail with experiments described below.
Src Family Kinases Are Implicated in β-Glucan-Induced NET Formation β-Glucan particles have been described to be recognized by different receptors including the C-type lectin Dectin-1, CR3 (αMβ 2 integrin) and the scavenger receptor CD36; notably, all these receptors share a common signaling pathway implicating Src family kinases, ITAM sequences and the tyrosine kinase Syk (see Introduction). In order to elucidate the role of Src family kinases in β-glucan-induced NET formation in human neutrophils, we examined the effect of Src family kinase inhibitors on this response.
As illustrated in figure 3 a and b, the Src family kinase inhibitor PP2 and the Src/Abl dual specificity inhibitor dasatinib strongly reduced NET formation in response to β-glucan. Given that ROS have been reported to play an essential role in NET formation [11, 28] , we asked whether the inhibitory effect of PP2 on β-glucan particle-induced NET formation went in parallel with inhibition of ROS generation. Indeed, we found that PP2 inhibited both ROS generation and NET formation in neutrophils challenged with β-glucan ( fig. 3 ) . Similar results were obtained with dasatinib ( fig. 3 b and data not shown). Notably, formation of NETs in response to PMA was not affected by Src kinase inhibitors ( fig. 3 a, b) . Considering that PMA triggers ROS generation in an Src family kinase-independent [29] , PP2-insensitive manner ( fig. 3 c) , we conclude that, independently of the signaling pathway leading to their formation, ROS are required for NET formation.
To strengthen the evidence that NET formation in response to β-glucan requires ROS generation we examined the effects of the NADPH oxidase inhibitor DPI that, as expected, suppressed ROS generation in our experimental conditions both in response to β-glucan and PMA (data not shown). DPI inhibited NET formation in response to β-glucan and, in agreement with previous reports [11, 28] , had a totally inhibitory effect on NET formation in response to PMA ( fig. 3 a, b) . The findings illustrated in figure 3 suggest that within the signaling pathway leading to NET formation in response to β-glucan particles, Src kinases are upstream of ROS, whereas PMA, due to its capability to impinge on diacylglycerol-dependent protein kinase C isoforms, activates NADPH oxidase directly. Independently of the distinct signaling pathways triggered by β-glucan particles and PMA, ROS generation seems to be required for an optimal formation of NETs in response to both stimuli. However, it is worth noting that whereas DPI suppressed NET formation in response to PMA, it did not completely inhibit the response to β-glucan ( fig. 3 a, b) . These findings point to the existence of ROS-independent pathways that may even predominate depending on the experimental system used (see [16] ).
Mechanisms of Activation of Src Family Kinases and Syk by β-Glucan Particles and PMA
To better elucidate the role of Src family kinases in the response to β-glucan, we examined their phosphorylation status utilizing an Ab raised against a tyrosine residue present within the kinase domain of Lyn, whose phosphorylation correlates with the kinase activity [30] . ( fig. 4 b) . In light of evidence implicating ROS in activation of Src kinases [32] we also addressed whether treatment with DPI exerted an inhibitory effect on Lyn and Hck phosphorylation and found that it blunted Src family kinase activation in response to both β-glucan and PMA ( fig. 4 c, d ).
The evidence that PP2 did not affect PMA-induced NET and ROS formation ( fig. 3 ) despite its ability to suppress PMA-induced Src kinase activation ( fig. 4 b) clearly shows that activation of Src kinases by PMA plays no role in NET formation. Intriguingly, the data presented in figure 4 pointed to an essential role of ROS also in β-glucaninduced Lyn and Hck activation, an unexpected finding in light of the evidence that PP2 inhibits β-glucaninduced ROS generation ( fig. 3 ) thus placing Src kinases upstream of ROS in this response. Considering that failure to detect phosphorylation of Lyn and Hck with the anti-Lyn Ab specific for the phosphoY396 residue could not necessarily reflect a total absence of Src family kinase activities and with this Ab we did not detect phosphorylation of Fgr (see legend to fig. 4 ), another Src family kinase member expressed at high levels in myeloid leukocytes, we extended our analysis to the Src downstream targets Syk and Vav. Examining Syk phosphorylation in two tyrosine residues placed within its activation loop and whose phosphorylation correlates with Syk kinase activity [33] , we detected a time-dependent and prolonged (up to 60 min) Syk phosphorylation in human neutrophils challenged with particulate β-glucan ( fig. 5 ) . Notably, suppression of ROS generation by DPI only partially inhibited Syk phosphorylation ( fig. 5 a) and had no effect on phosphorylation of the Src/Syk substrate Vav ( fig. 5 b) . In contrast, the Src kinase inhibitor PP2 suppressed tyrosine phosphorylation of both Syk and Vav ( fig. 5 c, d ). These findings suggest that, by targeting Src kinases, PP2 inhibits the β-glucan-stimulated Src/Syk signaling pathway that is upstream of ROS generation ( fig. 3 ) .
Differently from β-glucan and in line with the capability of ROS to activate Syk in leukocytes [34] , modulation of the Src/Syk signaling pathway by PMA is totally dependent on ROS; in fact, both Syk and Vav tyrosine phosphorylation in response to PMA was suppressed by DPI ( fig. 5 e, f) .
NET Formation Is Prevented by the Syk Inhibitor PRT-060318
To address the role of Syk in NET formation, we used inhibitors described as selective for Syk. Initially, we examined the effect of piceatannol, a compound that has been used in several studies as a selective Syk inhibitor [see 35 ] . As illustrated in figure 6 a, piceatannol suppressed NET formation in response to both β-glucan and PMA, suggesting the bona fide conclusion that Syk is essential for NET formation in response to two unrelated stimuli. However, considering that piceatannol was also described as a potent antioxidant [36] , we wondered whether it could reduce ROS formation. Notably, we found that piceatannol suppressed ROS generation in response to both β-glucan and PMA ( fig. 6 b) . Considering that ROS play an essential role in NET formation in response to PMA ( fig. 3 and [11, 28] ), we therefore conclude that piceatannol does not fulfill the criteria to be used exclusively as a selective Syk inhibitor. Recent studies described a novel Syk selective inhibitor, PRT-060318, that markedly reduces stimulation of platelet responses via the ITAM module signaling receptor for collagen glycoprotein VI [37] , so we addressed whether it inhibited NET formation. Notably, at a dose of 1 μ M , PRT-060318 totally suppressed Syk phosphorylation in response to β-glucan and PMA ( fig. 6 c, d) . Whereas PRT-060318 markedly reduced NET formation induced by β-glucan ( fig. 6 e) , its capability to inhibit the response to PMA was lower (40.4 ± 14% inhibition, n = 5), but the difference between untreated and PRT-060318-treated neutrophils was statistically significant ( fig. 6 e) . Notably, at these doses, ROS generation in response to β-glucan was suppressed by PRT-060318 ( fig. 6 f) ; however, this compound had no effect on the response to PMA ( fig. 6 g) . We conclude that, as also suggested from studies with the Src inhibitor PP2 ( fig. 3 ), β-glucan triggers the Src/Syk signaling pathway upstream of ROS formation. In contrast, and in agreement with the data obtained inhibiting Src kinases with PP2 ( fig. 3 ), ROS generation triggered by PMA is independent of Syk. The evidence that, in response to PMA, PRT-060318 did not affect ROS generation but inhibited NET formation to some extent suggests that the mechanisms of action of PMA may, at least in part, depend on the capability of ROS to activate Syk.
Deficiency of Syk Results in Suppression of NET Formation in Response to β-Glucan in Murine Neutrophils
In order to strengthen the notion that the signaling pathway leading to NET formation in response to β-glucan requires Syk, we examined this response in control and syk -/-neutrophils. Although we hardly detected NET formation in murine neutrophils in response to PMA (data not shown), particulate β-glucan triggered NET formation in murine neutrophils ( fig. 7 ) . In fact, in β-glucanstimulated murine neutrophils, nuclei lost their typical lobulated structure seen in nonstimulated cells ( fig. 7 a) and appeared as flattened and enlarged, homogenous masses forming veil-like structures ( fig. 7 b) . Additionally, staining with anti-elastase Abs showed a typical granular pattern in nonstimulated neutrophils ( fig. 7 c) , but a diffuse pattern over flattened nuclei and veil-like structures in β-glucan-stimulated cells ( fig.. 7 d) . Notably, comparing control versus Syk-deficient neutrophils, we found that syk -/-neutrophils were unable to exteriorize DNA ( fig. 7 e) or elastase ( fig. 7 f) in response to β-glucan.
In order to strengthen the notion emerging from the results of inhibitory studies illustrated in figures 2 , 3 and 6 , we also addressed whether syk -/-neutrophils were defective in ROS generation in response to β-glucan. Consistently with the evidence that Syk deficiency results in defective integrin-dependent ROS generation, but does not affect responses triggered by trimeric G protein-coupled receptor [38, 39] , we found that the early adhesionindependent fMLP-induced phase of ROS generation [see 26 ] was equal in wild-type and Syk-deficient neutrophils ( fig. 7 g) . However, both the late fMLP-induced adhesion-dependent response ( fig. 7 g ) and the β-glucaninduced response ( fig. 7 h) were totally defective in syk -/-neutrophils.
Discussion
In this report, we addressed signal transduction pathways implicated in NET formation by β-glucan particles. According to previous data using intact fungi [15] and purified β-glucan [16] , we detected a strong formation of NETs in neutrophils exposed to β-glucan particles. However, differently from the last study, our assay conditions allowed us to detect NET formation in response to β-glucan without the need of priming the cells or coexpo- sure to fibronectin. In fact, we detected NETs both by Sytox-Green staining of unprimed neutrophils plated in fibrinogen-coated plates and by DAPI staining of cells plated on poly-L -lysine. One possible important difference between our own study and the one by Byrd et al.
[16] is the use by us of phagocytosable β-glucan particles and not surface-bound β-glucan. It is important to note that adherence of neutrophils to surface-bound ligands represents what has been considered for a long time as a sort of 'frustrated phagocytosis'. Indeed, also in the con- text of β-glucan stimulation of innate immunity cell responses, surface-bound β-glucan triggers cytokine and ROS release [27] . However, surface-bound β-glucan is unable to trigger NET formation despite its ability to stimulate ROS generation [16] . Although this issue goes beyond the scope of our paper, it is tempting to speculate that triggering NET formation by pathogen receptors requires ROS formation but also phagosome formation and the subsequent fusion of lysosomes with it. This could somehow favor the release in the cytoplasm and translocation to the nucleus of granule proteins such as elastase and myeloperoxidase, which have been shown to be essential for chromatin decondensation and NET formation [12] . In this context, it is of great interest that NET formation induced by immune complexes was also reported to require endocytosis and was not induced by their surface-bound form [40] . Notably, inhibition of endocytosis by the microfilament-disrupting agent CD, blocked NET formation induced by immune complexes [40] or β-glucan ( fig. 2 ) . PMA, the most powerful inducer of NETs, may act due to its capability to trigger elevated amounts of ROS and/or to activate still unidentified pathways bypassing the requirement for phagosome-lysosome fusion. However, as pointed out by Brinkmann and Zychlinsky [2] , PMA is known to induce the formation of vacuoles. Whether these fuse with lysosomes favoring the eventual leakage of elastase and myeloperoxidase (see above) and their targeting to the nucleus has not yet been addressed. While phagocytosis of particles or vacuole formation seems to be required for NET formation, the demonstration that this can occur also in response to coexposure to surface-bound β-glucan and fibronectin [16] points to the existence of additional, phagocytosis-independent mechanisms of NET formation. Our findings show that the signaling pathway implicated in NET formation following β-glucan particle internalization implicates Src family kinases/Syk and ROS. β-Glucan particles triggered a prolonged phosphorylation of Lyn and Hck in a tyrosine residue whose phosphorylation correlates with the kinase activity. The Src kinase inhibitor PP2 suppressed activation of both kinases ( fig. 4 ) as well as the downstream components Syk and Vav ( fig. 5 ). ROS generation induced by β-glucan is absolutely dependent on Src and Syk. In fact, both PP2 ( fig. 3 ) and the Syk inhibitor PRT-060318 ( fig. 6 ) suppressed ROS generation in response to β-glucan. However, the evidence that suppression of ROS generation by DPI inhibited Lyn and Hck phosphorylation ( fig. 4 ) suggests that ROS act within a positive feedback circuit regulating, at least, Lyn and Hck activation. Notably, DPI only partially inhibited Syk and had no effect on Vav phosphorylation ( fig. 5 ) indicating that other Src kinases, not detected with the anti-Lyn phospho Y396 Ab, could be activated by β-glucan. At present, we do not know whether the evidence that PP2 suppresses Syk phosphorylation and the Src/Syk downstream target Vav ( fig. 5 , 6 ) is due exclusively to its capability to effectively inhibit all Src kinases expressed in neutrophils or also to target Syk. Independent of its mechanisms of activation, studies with murine Syk-deficient neutrophils demonstrated an important role of Syk in triggering NET formation in response to Staphylococcus aureus and Escherichia coli [25] , as well as immune complexes [41] . Our finding that also the response to β-glucan is defective in Syk-deficient neutrophils strengthens the conclusion that Syk regulates NET formation in response to different agonists.
Several findings point to an indispensable role of ROS in β-glucan particle-induced NET formation. Firstly, inhibition of ROS formation by DPI markedly inhibited this response ( fig. 3 ) . Secondly, ROS generation always correlated with NET formation, and inhibition of ROS generation by the microfilament-disrupting agent CD ( fig. 2 ) , the Src kinase inhibitor PP2 ( fig. 3 ) or the Syk inhibitor PRT-060318 ( fig. 6 ) also resulted in an impaired formation of NETs. Finally, piceatannol, a compound acting as a ROS scavenger [36] suppressed both ROS generation and NET formation. We conclude that, as demonstrated in early studies using PMA as a stimulus [11, 28] , ROS are indispensable for an optimal formation of NETs in re- sponse to β-glucan particles. However, it is worth noting that whereas DPI suppressed NET formation in response to PMA, it did not completely inhibit the response to β-glucan ( fig. 3 a, b) . These findings point to the existence of ROS-independent pathways that may even predominate depending on the experimental system used [see 16 ]. Based on our findings, the direct stimulation of ROS generation via activation of protein kinase C by PMA bypasses the requirement for the Src-dependent signaling pathway activated by β-glucan particles. In fact, even though PMA impinges on Src via formation of ROS ( fig. 4 ) , inhibition of Src kinases by PP2 ( fig. 3 ) has no effect on PMA-induced ROS generation and NET formation. Consistently, inhibitors of PMA-induced NET formation such as DPI ( fig. 3 ) or piceatannol ( fig. 6 ) also suppressed ROS generation. It is worth noting that we obtained evidence that the mechanism of action of ROS in PMA-induced NET formation goes, at least in part, through their capability to activate Syk ( fig. 5 , 6 ). In fact, inhibition of Syk with PRT-060318 had no effect on ROS generation, but inhibited in part NET formation.
β-Glucan is recognized by innate immunity cells via different receptors including the C-type lectin Dectin-1, CR3 (αMβ 2 integrin) and the scavenger receptor CD36; notably, all these receptors share a common signaling pathway implicating Src family kinases, ITAM sequences and the tyrosine kinase Syk (see Introduction). This pathway is also used by other agonists of neutrophil responses such as immune complexes, monosodium urate crystals and ligands for integrins in the presence of TNF. Additionally, it is likely that β-glucan is not only implicated in the recognition of fungi but also other pathogens bearing β-glucan at the surface such as Pseudomonas aeruginosa [42] . Notably, we found that P. aeruginosa triggers NET formation in an Src-dependent manner [Nani and Berton, unpubl. obs.]. Hence, although it remains to be established whether Src kinases and Syk regulate NET formation in the context of autoimmune or inflammatory disease, it is tempting to speculate that they may represent new targets to control excessive formation of NETs in inflammatory pathologies.
